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Introduction {#sec005}
============

Schistosomiasis is a snail-borne parasitic disease of great concern worldwide, occurring mainly in Africa, Asia, and to a lesser degree in South America and the Middle East \[[@pntd.0007711.ref001],[@pntd.0007711.ref002]\]. In non-endemic areas, there is a growing number of people potentially infected, given the increasing number of immigrants, foreign workers, and travelers. Recently, the emergence of urogenital schistosomiasis, due to *S*. *haematobium and S*. *bovis* hybrids, has been reported in a previously uninfected area in Corsica (France), with more than 120 confirmed cases among local people and tourists \[[@pntd.0007711.ref003],[@pntd.0007711.ref004]\].

The diagnosis of urogenital and intestinal schistosomiasis currently relies on microscopy procedures which are time-consuming, require trained operators and offer poor sensitivity, particularly when the parasite burden is low. Additionally, egg release and migration from tissues to the lumen (gut, bladder) is a long process (\>6 weeks) \[[@pntd.0007711.ref002]\], leading to diagnosis delay. The detection of specific antibodies is the most commonly applied alternative diagnostic approach in non-endemic routine laboratories \[[@pntd.0007711.ref005],[@pntd.0007711.ref006]\]. Among the current panel of serological techniques which are highly sensitive, the development of an immunoblotting assay using *S*. *mansoni* and *S*. *haematobium* adult worm extracts improved the performances of serological screening and proved to be relevant in both urogenital and intestinal schistosomiasis \[[@pntd.0007711.ref007],[@pntd.0007711.ref008]\]. Although the usefulness of serological tools has been demonstrated, particularly for symptomatic travelers, their contribution to diagnosing patients living in endemic regions is limited due to their inability to differentiate between ongoing and previous infections. Moreover, in endemic populations, circulating adult worm-derived antigens have been reported to be good indicators of active infection, but still appear to lack sensitivity, especially in case of low parasite burden \[[@pntd.0007711.ref009]--[@pntd.0007711.ref011]\]. Excellent results were described in diagnosing *S*. *mansoni* infections by the detection of circulating cathodic antigens in urine and serum samples \[[@pntd.0007711.ref009]\], but the performance was disappointing in *S*. *haematobium* detection \[[@pntd.0007711.ref012]\].

The development of molecular methods to improve the diagnosis of parasitic diseases has been encouraging active research in recent years \[[@pntd.0007711.ref013],[@pntd.0007711.ref014]\]. The detection of *Schistosoma* DNA by PCR in stools and urine appears to be a promising, highly sensitive, and specific tool that could improve and facilitate the diagnosis of schistosomiasis, particularly in non-endemic countries where the parasite burden can be lower \[[@pntd.0007711.ref015]--[@pntd.0007711.ref018]\]. A few previous studies demonstrated the potential interest of blood-based PCR for the diagnosis of acute schistosomiasis. As evidenced by Wichmann *et al*., the high potential of both *Schistosoma haematobium* (Sh) and *Schistosoma mansoni* (Sm) PCR assays is linked to the high repetition of the multicopy targeted genes, accounting for 12--15% of the whole *Schistosoma* genome \[[@pntd.0007711.ref019],[@pntd.0007711.ref020]\].

This work aimed i) to assess the performance of *Schistosoma* PCR assays for the diagnosis of imported schistosomiasis in comparison to conventional microscopy in stool, urine and biopsy samples, ii) to evaluate the clinical relevance of *Schistosoma* DNA detection in the serum for the diagnosis of active infection and for the monitoring of treatment efficacy.

Materials and methods {#sec006}
=====================

Ethics statement {#sec007}
----------------

The study was approved by the ethics committee of the Rennes University Hospital (No. 18.111). Biological material was obtained only for standard diagnosis on the basis of physicians' prescriptions. Clinical data were made anonymous for analysis. According to French Public Health Law \[[@pntd.0007711.ref021]\], protocols of this type are exempt from the requirement for formal informed consent.

Study design {#sec008}
------------

Data from patients with suspected schistosomiasis examined at Toulouse and Rennes University Hospitals between January 2016 and March 2018 were collected. Only patients with at least a *Schistosoma* PCR and a serology analysis (including Western Blot), alone or combined with excreta examination, and without any previous anti-*Schistosoma* treatment were retained in the study. The diagnostic procedures were part of the standard diagnostic work-up for schistosomiasis investigation as described below.

The design of this study aimed to evaluate the performances of *Schistosoma* detection by PCR in two contexts: i) in stool, urine and biopsy samples in comparison to conventional microscopy diagnosis, and ii) in the serum for the diagnosis of active infection and monitoring of treatment efficacy.

For the evaluation of PCRs assays in sera, patients were classified according to results of microscopy, serology and blood eosinophil count. "Proven active *Schistosoma* infection" was defined by the microscopic detection of *Schistosoma* eggs in excreta or biopsy samples. "Probable active infection" was defined by a positive *Schistosoma* WB serology associated with a blood eosinophil count ≥0.5G/L, while cases were graded as "strictly serological schistosomiasis" when the WB was positive without blood eosinophil increase. Patients with "excluded schistosomiasis" were defined by a negative *Schistosoma* WB serology or both negative ELISA and HA, and negative microscopic egg detection in excreta, when performed.

In addition, an evaluation of PCR specificity was conducted in serum, stool and urine samples recovered from volunteers who had never visited schistosomiasis-endemic areas.

All the diagnostic tests (microscopy, detection of anti-*Schistosoma* antibodies including WB and *Schistosoma* PCR assays) were performed independently and blindly from one another on each anonymised sample. The same samples were used (excreta, biopsies, sera) for *Schistosoma* PCR assays or reference methods (microscopy, detection of anti-*Schistosoma* antibodies including WB).

Microscopy (ME) {#sec009}
---------------

Microscopic examination for the presence of *Schistosoma* eggs in urine samples was performed by examination of the pellet from micturition obtained after centrifugation. Fresh stool specimens were examined after 2 concentration techniques (flotation and diphasic methods) \[[@pntd.0007711.ref022]\]. Direct examination of bladder, gut and other biopsies was performed after mechanical grinding. Results of histological examination after biopsy staining were also collected, when performed.

Detection of anti-*Schistosoma* antibodies {#sec010}
------------------------------------------

Sera were screened for anti-*Schistosoma* antibodies using the *Schistosoma* IgG ELISA (Bordier Affinity Products, Crissier, Switzerland *or Schistosoma* Antibody Detection Test Kit, Scimedx, Dover, New Jersey) and the indirect hemagglutination (HA) test (Schistosomiasis Fumouze, Fumouze Diagnostics, Levallois-Perret, France) according to manufacturers' instructions. Sera with a positive or a doubtful result by at least one technique were then confirmed using a Western Blot (WB) assay (Schisto II Western Blot IgG kit (LD-BIO Diagnostics, Lyon France)), according to the manufacturer's instructions. In total, the serology was considered positive if the WB was positive. A serum was considered negative if the two screening techniques or the WB were negative.

DNA extraction {#sec011}
--------------

Two hundred fifty to 500 mg of stool sample were suspended in 1 mL of PBS and frozen at -20°C before DNA extraction. Extraction was performed on 200 μL of stool suspension after bead-beating, using High Pure PCR Template Preparation Kit (Roche Diagnostics, Meylan, France) according to the manufacturer's instructions.

For blood and urine, DNA extraction was performed using 1 mL of serum or 1 mL of urine pellet and eluted in a volume of 50 μL, using the MagNA Pure Compact Nucleic Acid Isolation Kit (Roche Diagnostics) on a MagNA Pure Compact Instrument (Roche Diagnostics).

Extraction/Inhibition control {#sec012}
-----------------------------

DNA extracts were first screened for PCR inhibitors using the beta-globin gene amplification, as previously described \[[@pntd.0007711.ref023]\]. Briefly, the run was performed in a 10 μL reaction mix containing 2.5 μL DNA, 10X Taq SyBr, 0.1 μM of BgO7 and BgO8 primers and 4 mM of MgCl~2~. Amplification was conducted on a LightCycler 2 instrument (Roche Diagnostics) during 40 cycles of 15 s at 95°C, 10 s at 70°C and 20 s at 72°C, followed by a fusion step.

As long as the beta-globin gene was detected, DNA extracts were considered suitable for *Schistosoma* PCR testing. In case of PCR inhibition (lack of amplification of beta-globin gene), samples were retested diluted to 1:4, and the result was considered uninterpretable if beta-globin remained undetected.

*Schistosoma* real-time PCR assays {#sec013}
----------------------------------

Two species-specific in-house real-time PCRs were evaluated. S. *mansoni* DNA detection (SmPCR) was performed using primers (SRA1 and SRS2) and probe (SRP) from Wichmann *et al*., targeting the Sm1-7 tandem repeat sequence \[[@pntd.0007711.ref024]\]. The repetitive *Dra1* sequence of S. *haematobium* (ShPCR) was amplified using primers (Sh-FW and Sh-RV) from Hamburger *et al*. \[[@pntd.0007711.ref020]\], and probe from Cnops *et al*. \[[@pntd.0007711.ref025]\].

PCR assays were performed in a 20 μL reaction mix containing 5 μL DNA, 10X LightCycler FastStart DNA Master HybProbe master mix, 5 mM of MgCl~2~, 0.5 μM of each primer and 0.25 μM of probe. Amplification was conducted on a LightCycler 2 instrument (Roche Diagnostics) and consisted of 10 min at 95°C and 45 cycles of 15 s at 95°C and 1 min at 60°C. A test was positive when the threshold was attained within 45 PCR cycles (Ct-value\<45).

Statistical analysis {#sec014}
--------------------

Data were analyzed using GraphPad Prism software. Data were expressed as median with interquartile range \[25^th^;75^th^ percentile\]. Nonparametric Mann-Whitney and Kruskal-Wallis tests were performed for distribution comparison. For proportion comparisons, the chi-square test or Fisher's exact test was used, as appropriate. Kappa coefficient was used to measure the agreement between each test. Correlation between blood eosinophil count and PCR Ct values was assessed with the Spearman rank correlation test. Differences were considered statistically significant if the p-value was \< 0.05. DNA burden during post-treatment follow-up was calculated as the ratio of (45-Ct value after treatment)/(45-Ct value before treatment)\*100.

Results {#sec015}
=======

Patients {#sec016}
--------

A total of 412 clinical samples (urine, stool, biopsy and serum samples) from 255 patients were analyzed for schistosomiasis diagnosis.

The study population for PCR evaluation in excreta consisted of 180 patients ([Table 1](#pntd.0007711.t001){ref-type="table"}). The performance of serum PCR was assessed on a series of 194 sera from 194 patients, graded as "proven active schistosomiasis" (n = 34), "probable active schistosomiasis" (n = 30), "strictly serological schistosomiasis" (n = 35) or "excluded schistosomiasis" (n = 95), according to serology, blood eosinophil count and *Schistosoma* detection in excreta by microscopy ([Fig 1](#pntd.0007711.g001){ref-type="fig"}). Of all 99 suspected cases, 82 were immigrants, mainly young men ([Fig 1](#pntd.0007711.g001){ref-type="fig"}), 11 patients were travelers for a period of ≤3 months, 3 were French expatriates for more than 7 years, and the length of stay was unknown for the 3 remaining patients. As for the visited endemic areas, most patients visited Africa (n = 92; 93%); others visited Corsica (n = 3; 3%) and other areas (n = 4; 4%).

10.1371/journal.pntd.0007711.t001

###### Performance of PCR and microscopic examination for the detection of *S*. *mansoni* and *S*. *haematobium* in urine, stool and biopsy samples.

![](pntd.0007711.t001){#pntd.0007711.t001g}

  Sample (N)                                             Patients (n)   Positive microscopy, n/N (%)                         Positive SmPCR or ShPCR n/N (%)                        Agreement PCR/microscopy (%)
  ------------------------------------------------------ -------------- ---------------------------------------------------- ------------------------------------------------------ ------------------------------
  Urine (N = 124)                                        108            5[^a^](#t001fn002){ref-type="table-fn"}/124 (4.0)    13[^b^](#t001fn003){ref-type="table-fn"} /124 (10.5)   93.5
  Stool (N = 86)                                         65             29[^c^](#t001fn004){ref-type="table-fn"}/86 (33.7)   42[^d^](#t001fn005){ref-type="table-fn"}/86 (48.8)     84.9
  Biopsy (N = 8[^e^](#t001fn006){ref-type="table-fn"})   7              2[^f^](#t001fn007){ref-type="table-fn"}/8 (25.0)     2/8 (25.0)                                             100

SmPCR: *S*. *mansoni* PCR; ShPCR: *S*. *haematobium* PCR

^a^5/5 positive-microscopy samples yielded positive PCR

^b^Two samples were simultaneously positive for SmPCR and ShPCR; p\<0.001 compared to microscopy

^c^29/29 positive-microscopy samples yielded positive PCR

^d^p\<0.001 compared to microscopy

^e^Rectum (n = 3); colon (n = 2); rectum/colon (n = 1); perineal abscess (n = 1) and liver (n = 1)

^f^Rectum (n = 1) colon (n = 1) collected from the same patient. 2/2 positive-microscopy samples yielded positive PCR

![Flow chart for serum PCR evaluation.\
PNE: polynuclear eosinophil blood count.](pntd.0007711.g001){#pntd.0007711.g001}

Evaluation of PCR specificity {#sec017}
-----------------------------

The specificity of both Sm and ShPCR assays was evaluated on 3 biological matrices, i.e. serum, urine and stool samples, from subjects unlikely to have had previous contact with the parasite. The specificity was 100%, as neither of the two PCR assays yielded a positive result in the 20 serum, 20 urine, and 20 stool samples. Additionally, PCR specificity was also evaluated regarding other parasites, in 3 blood samples and 34 stools samples in which parasites had been detected by other diagnostic methods. No cross reaction was observed with *Toxoplasma (n = 1)*, *Plasmodium (n = 1)*, *Leishmania (n = 1)*, *Enterocytozoon bieneusi (n = 1)*, *Encephalitozoon sp (n = 1)*, *Cryptosporidium sp (n = 1)*, *Endolimax nana (n = 2)*, *Blastocystis sp (n = 4)*., *Entamoeba hartmanni (n = 1)*, *Entamoeba dispar (n = 1)*, *Entamoeba histolytica (n = 1)*, *Entamoeba coli (n = 1)*, *Dientamoeba fragilis (n = 4)*, *Giardia intestinalis (n = 5)*, *Enterobius vermicularis (n = 1)*, *Ascaris lumbricoides (n = 2)*, *Trichuris trichiura (n = 1)*, *Strongyloides stercoralis (n = 2)*, *Ancylostomidae (n = 1)*, *Hymenolepis nana (n = 3) and Taenia sp*.*(n = 2)*.

Performances of PCR assays compared to microscopy in urine, stool and biopsy samples {#sec018}
------------------------------------------------------------------------------------

A total of 124 urine, 86 stool and 8 biopsy samples were collected from 108, 65, and 7 patients, respectively, with suspected infection with *Schistosoma*, before any anti-parasite treatment. A comparison of egg detection performance using microscopic methods (microscopic examination or anatomic pathology procedures) and *Schistosoma* DNA detection is presented in [Table 1](#pntd.0007711.t001){ref-type="table"}. All PCR results were interpretable.

Of the 124 urine samples, 13 (10.5%) yielded a positive ShPCR result, whereas parasite eggs were microscopically detected in only 5 samples (4%) (p\<0.001). Two samples were positive by both PCRs. The 8 samples with discordant results were collected from 7 distinct patients, all having a positive WB-based serology, suggesting that these were 8 true-positive samples detected by PCR but not by microscopy. All positive-microscopy samples were positive by PCR.

In stools, 42 out of 86 stool samples (48.8%) yielded a positive SmPCR but only 29 with microscopy (33.7%) (p\<0.001) ([Table 1](#pntd.0007711.t001){ref-type="table"}). For the 13 samples with discordant results, WB-based serology supported positive PCR results. All samples containing *S*. *mansoni* eggs yielded a positive SmPCR result. No positive ShPCR was found in stool samples.

The concordance of SmPCR and microscopy for biopsies was 100%, as the 2 colon and rectal specimens, sampled from the same patient, were positive both by direct examination and SmPCR.

The agreement between the results of microscopy and PCR assays varied between 84.9 and 100% according to the type of sample. Discordances concerned only probable true-positive samples detected by PCR but not by microscopy ([Table 1](#pntd.0007711.t001){ref-type="table"}). Therefore the specificity of PCR can be considered as 100%.

Moreover, 8 patients gave several stool or urine specimens (2 or 3) a few days apart ([Table 2](#pntd.0007711.t002){ref-type="table"}). Interestingly, the PCR consistently yielded a positive signal (except patient 5), whereas eggs were inconsistently detected by microscopy in 7/8 patients.

10.1371/journal.pntd.0007711.t002

###### Results of microscopic detection and *Schistosoma* PCR in iterative *excreta* samples.

![](pntd.0007711.t002){#pntd.0007711.t002g}

  Patient   Matrix   Number of positive samples n/N   
  --------- -------- -------------------------------- -----
  1         Urine    1/2                              2/2
  2         Stool    1/3                              3/3
  3         Stool    2/3                              3/3
  4         Stool    1/3                              3/3
  5         Stool    1/3                              2/3
  6         Stool    0/3                              3/3
  7         Stool    0/2                              2/2
  8         Stool    2/2                              2/2

PCR Ct values appeared to be correlated with microscopic results. Indeed, median Ct values of both PCR assays were significantly lower in samples with microscopic egg detection, compared to those with negative microscopic results: 19.5 \[17.4; 21.3\] *versus* 21.6 \[19.8; 26.0\] (p = 0.019) for Sm detection in stools, 17.1 \[15.7; 17.8\] *versus* 21.5 \[20.7; 26.8\] (p = 0.003) for Sh detection in urine.

Overall, these results suggested that the molecular detection of *Schistosoma* by PCR is more efficient and reliable than microscopic examination of excreta, particularly in the case of low burden infections.

Performances of serum PCR compared to serology and excreta examination for schistosomiasis diagnosis {#sec019}
----------------------------------------------------------------------------------------------------

The overall rate of positive serum PCRs among the 99 patients with a microscopic and/or serological criterion in favor of schistosomiasis was 72.7% (72/99) ([Table 3](#pntd.0007711.t003){ref-type="table"}). All PCR results were interpretable. The specificity was excellent, reaching 98.9%. The only serum with a positive SmPCR among cases with excluded schistosomiasis was unlikely to be a false-positive result, as the ELISA serology was simultaneously positive, and the patient had been living for 28 years in Sudan and had abdominal pain. This patient was classified as "excluded schistosomiasis" because of a negative WB (probably a false-negative result).

10.1371/journal.pntd.0007711.t003

###### Rate of positive serum PCRs in the various clinical categories, according to *Schistosoma* species (n = 194 patients).

![](pntd.0007711.t003){#pntd.0007711.t003g}

  Diagnosis                                                       Number of positive PCR in serum n/N (%)              Median Ct value for both PCRs                                                      
  --------------------------------------------------------------- ---------------------------------------------------- ------------------------------- -------------------------------------------------- ---------------------
  Schistosomiasis (N = 99)                                        72[^a^](#t003fn002){ref-type="table-fn"}/99 (72.7)   22/99 (22.2)                    56/99 (56.6)                                       34.1 \[32.0; 36.1\]
   Proven N = 34                                                  32/34 (94.1)                                         13/34 (38.2)                    22/34 (64.7)                                       32.9 \[30.9; 35.1\]
    Urogenital N = 13                                             11/13 (84.6)                                         11/13 (84.6)                    1[^b^](#t003fn003){ref-type="table-fn"}/13 (7.7)   
    Intestinal N = 18                                             18/18 (100.0)                                        0/18 (0)                        18/18 (100)                                        
    Mixed infection N = 2[^c^](#t003fn004){ref-type="table-fn"}   2/2 (100)                                            2/2 (100)                       2/2 (100)                                          
    Undetermined N = 1[^d^](#t003fn005){ref-type="table-fn"}      1/1 (100)                                            0/1 (0)                         1/1 (100)                                          
   Probable active N = 30                                         23[^e^](#t003fn006){ref-type="table-fn"}/30 (76.7)   5/30 (16.7)                     19/30 (63.3)                                       34.7 \[32.3; 36.6\]
   Strictly serological N = 35                                    17[^f^](#t003fn007){ref-type="table-fn"}/35 (48.6)   4/35 (11.4)                     15/35 (42.9)                                       35.0 \[32.2; 36.2\]
  Excluded schistosomiasis N = 95                                 1/95 (1.1)                                           0/95 (0)                        1/95 (1.1)                                         NA

NA: not applicable

^a^6/72 patients had simultaneously positive Sm and ShPCR

^b^One serum sample simultaneously yielded positive results for both Sm and ShPCR

^c^Two patients had a concomitant detection of Sm in stool and Sh in urine

^d^One patient had a positive Sm PCR whereas eggs of Sh or *S*. *intercalatum* were microscopically detected in the rectal biopsy

^e^1/30 was positive for Sm and ShPCR

^f^2/35 were positive for Sm and ShPCR

Interestingly, serum PCRs were positive in 85.9% (55/64) of active schistosomiasis (proven and probable groups), exceeding the microscopy yield which was only 53.1% (34/64) ([Table 3](#pntd.0007711.t003){ref-type="table"}). In the group of proven schistosomiasis, the positivity rate of serum PCRs reached 94.1% (32/34). Among the 2 missed PCR detections (2/34), the two occurred in patients with proven urogenital schistosomiasis (Sh eggs in urine), including one with a concomitant positive urine ShPCR (the urine ShPCR was not performed for the second one).

In the group of proven schistosomiasis, all patients having a positive microscopy had a positive WB, except in one case. The patient missed by the WB-serology had a positive serum ShPCR, an ELISA index value in grey zone and a positive egg detection in vesical biopsy, associated to urinary symptoms (macroscopic hematuria and micturition disorders for 6 months).

Overall, the sensitivity of serum PCR significantly exceeded the microscopy, leading to a low agreement percentage and kappa coefficient of 77.8% and 0.472 respectively ([Table 4](#pntd.0007711.t004){ref-type="table"}). Indeed, in patients with negative microscopy, the serum PCR positivity rate reached 76.7% (23/30) and 48.6% (17/35), respectively in "probable" and "strictly serological schistosomiasis" groups ([Table 3](#pntd.0007711.t003){ref-type="table"}). However, the level of circulating *Schistosoma* DNA was not significantly higher in patients with positive egg detection (proven cases) and/or with increased blood eosinophil count, as the median Ct values did not differ significantly between groups: 32.9 \[30.9; 35.1\] (proven cases), 34.7 \[32.3; 36.6\] (probably active cases), 35.0 \[32.2; 36.2\] (serological cases), p = 0.134. No correlation was found between the blood eosinophil count and serum PCR Ct values (Spearman r = -0.1341, p = 0.262).

10.1371/journal.pntd.0007711.t004

###### Sensitivity and agreement of serum PCR against microscopy and WB-based serology.

![](pntd.0007711.t004){#pntd.0007711.t004g}

  Reference method   *Schistosoma* serum PCR sensitivity (%)   Kappa coefficient   \% Agreement   p[^a^](#t004fn001){ref-type="table-fn"}
  ------------------ ----------------------------------------- ------------------- -------------- -----------------------------------------
  Microscopy         32/34 (94.1%)                             0.472               77.8           \<0.0001
  WB                 71/98 (72.4%)                             0.702               85.0           \<0.0001

^a^p-value, Fisher's exact test

The global agreement of serum PCR with Western Blot was higher than with microscopy (85%; Kappa = 0.702, [Table 4](#pntd.0007711.t004){ref-type="table"}). Interestingly, among WB-positive patients, the occurrence of a positive serum PCR was found to be correlated with ELISA and HA results ([Table 5](#pntd.0007711.t005){ref-type="table"}, p = 0.003). PCR was positive in only 1/5 sera with both negative ELISA and HA (20.0%), whereas serum PCR was positive in 17/18 (94.4%) sera with both positive tests. Lastly, 22/32 (68.8%) sera yielded positive PCR together with discordant ELISA and HA. ELISA indexes and HA titers were significantly higher when serum PCR was positive, with median values of 2.59 \[1.91;3.29\] *versus* 1.50 \[0.91;1.90\] (p\<0.001), and 300 \[0;320\] *versus* 48 \[0;160\] (p = 0.04).

10.1371/journal.pntd.0007711.t005

###### Serum PCR performance according to combined ELISA and HA serological tests among patients with positive WB (N = 55[^a^](#t005fn001){ref-type="table-fn"}).

![](pntd.0007711.t005){#pntd.0007711.t005g}

  ELISA and HA results           PCR results n(%)   p[^b^](#t005fn002){ref-type="table-fn"}   
  ------------------------------ ------------------ ----------------------------------------- -------
  Both negative tests (n = 5)    4 (80.0%)          1 (20.0%)                                 0.003
  Discordant tests (n = 32)      10 (31.2%)         22 (68.8%)                                
  Both positive tests (n = 18)   1 (5.6%)           17 (94.4%)                                

^a^HA and ELISA data were simultaneously available in 55/99 WB-positive sera.

^b^p-value, Chi-square test

Both Sm and ShPCRs were simultaneously positive in 6 serum samples ([Table 6](#pntd.0007711.t006){ref-type="table"}). For 2 patients (1 & 2) the presence of the two species was confirmed by microscopic examination of stools and urine. In patients 3 & 5 there was evidence of Sh infection in the bladder biopsy and urine, but stool analysis was not performed. In total, *S*. *mansoni* was unexpectedly detected in 3 serum specimens from patients with clinical symptoms evocative of urogenital schistosomiasis (patients 2, 3, and 5).

10.1371/journal.pntd.0007711.t006

###### Characteristics of patients with simultaneously positive Sm and ShPCRs in serum.
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  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Patient\    Sex. age (yrs)   Visited endemic area   Length of stay (yrs)   Clinical symptoms                  Clinical group   Ct values for serum PCR   Microscopy result                   PCR in excreta
  No                                                                                                                                                                                           
  ----------- ---------------- ---------------------- ---------------------- ---------------------------------- ---------------- ------------------------- ----------------------------------- ----------------
  1           M. 55            South Africa. Mali     ND (traveler)          None                               proven           Sh: 35.46                 U: Sh                               U: ND

  Sm: 34.70   S: Sm            S: Sm                                                                                                                                                           

  2           M. 20            Guinea-Conakry         19                     Hematuria                          proven           Sh: 33.97                 U: Sh+Si                            U: ND

  Sm: \>40    S: Sm            S: Sm                                                                                                                                                           

  3           M. 18            Cameroon               12                     Renal colic                        proven           Sh: 36.26                 Bladder biopsy: *Schistosoma sp*.   

  Sm: 37.04   U, S: ND         ND                                                                                                                                                              

  4           M. 25            Sudan                  24                     None                               probable         Sm: 36.12                 U: ND                               

  Sh: 33.57   S: -             ND                                                                                                                                                              

  5           M. 15            Mali                   15                     Hematuria, micturition disorders   serological      Sh: 39.87                 U: -                                U: Sh

  Sm: 34.70   S: ND            S: ND                                                                                                                                                           

  6           M. 15            Guinea                 ND (migrant)           Abdominal pain, hematuria          serological      Sm: 32.13                 U: -                                U: -

  Sh: 30.64   S: -             S: ND                                                                                                                                                           
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ND: not determined; U: urine; S: stools; -: negative; Sh: *S*. *haematobium*; Sm: *S*. *mansoni*; Si: *S*. *intercalatum*

Comparison of PCR performances on serum and excreta {#sec020}
---------------------------------------------------

Among the 25 patients whose sera and urine were simultaneously screened for Sh, the positivity rate of PCR was slightly higher in serum compared to urine, 11/60 (18.3%) versus 8/60 (13.3%), (not statistically significant). For Sm detection, serum PCR yielded roughly similar results to stool PCR, detecting Sm in 21/48 (43.8%) and in 20/48 (41.7%), respectively (not statistically significant).

Value of PCR for post-treatment follow-up {#sec021}
-----------------------------------------

The last part of this study aimed at following the kinetics of a positive PCR on serum after treatment, to assess whether it could be a relevant tool for treatment monitoring, compared to serological techniques. Twenty-three patients benefited from follow-up serum samples (1 to 3) collected at different times after praziquantel therapy (14 to 455 days). One month after treatment, all but one serum remained positive by PCR (15/16, 93.8%), of which 9 were from proven cases ([Fig 2](#pntd.0007711.g002){ref-type="fig"}). The patient who became negative as early as day 30 had a very low parasite burden before treatment (Ct-value for Sm PCR \>40). The level of circulating *Schistosoma* DNA appeared to increase significantly within the first 60 days as shown in [Fig 3](#pntd.0007711.g003){ref-type="fig"}. After 3, 4, and 6 months respectively, the positivity rate gradually declined to 69.0, 63.6 and 27.3% ([Fig 2](#pntd.0007711.g002){ref-type="fig"}). One out of the 12 patients followed for more than 1 year after treatment (378 days) remained positive in serum.

![Kinetic of serum PCR, ELISA and HA positivity rates after treatment (n = 23 patients).\
Bars represent the percentage of positive samples which remained positive at different times post-treatment. The table presents the number of positive sera/number of analyzed sera, at each time (n/N (%)). ^a^One serum was positive for both Sm and ShPCR at diagnosis.](pntd.0007711.g002){#pntd.0007711.g002}

![Relative value of serum DNA load after treatment compared to the initial load (day 0), according to the number of days post-treatment (n = 23 patients).](pntd.0007711.g003){#pntd.0007711.g003}

By contrast, the positivity rate of serological tests ELISA and HA did not significantly decrease and remained constant within the first year after treatment. As shown in [Fig 2](#pntd.0007711.g002){ref-type="fig"}, among the 96% of patients having a positive ELISA at day 0, up to 83% remained positive after 1 year. The HA positivity rate increased within the first four months after treatment, from 47% at day 0 to 86% at day 120, and remained at 50% after 1 year.

Such persistence of specific antibody detection, as well as DNA detection could not be linked with obvious treatment failure, since excreta remained positive with eggs for only 1/15 patients at day 30 and no further evidence of clinical relapse could be noticed.

Follow-up by PCR on stools was performed in two patients and did not detect persisting DNA two weeks after treatment, whereas PCR on serum was still positive at day 52 and day 83 post-treatment, respectively. By contrast, DNA burden in urine samples from 3 patients was strongly lowered but remained positive at day 60 (n = 3), and persisted until day 316 for one of them.

Discussion {#sec022}
==========

This study presents an evaluation of the performance of two *Schistosoma* PCR assays on excreta and serum samples, compared to microscopy and serology-based conventional methods for the diagnosis of imported intestinal and urogenital schistosomiasis.

Serum *Schistosoma* PCRs were previously shown to be mainly contributive for the diagnosis of early infections, as up to 90% of patients in acute invasion phase were positive, before detectable levels of eggs were excreted \[[@pntd.0007711.ref026]\]. However, data on their clinical relevance are scarce, and the few existing reports referred to small patient cohorts. Hence, the strength of this work is to focus on a large cohort of chronically-infected patients and demonstrate the relevance of *Schistosoma* PCRs in sera as well as urine and stools.

Specificity of both PCR assays was firstly explored in excreta and sera and proved to be excellent (100%) in our cohort of subjects who never experienced any stay in known endemic areas. The analytical specificity of the ShPCR was previously demonstrated by Cnops *et al*., on a panel of 23 stool samples containing various intestinal parasites other than *Schistosoma* \[[@pntd.0007711.ref025]\]. Similarly, the absence of cross-reaction with SmPCR was verified in a previous work \[[@pntd.0007711.ref024]\]. Here, we confirmed the high specificity of both PCRs as none of the tested blood and intestinal parasites were cross-reactive with the schistosome tests.

In our study, PCRs assays greatly improved the detection of *Schistosoma* in urine and fecal samples, increasing the number of positive results by a factor of 2.6 and 1.4 for Sh and Sm respectively, compared to microscopy. This is consistent with previous studies which underlined the excellent performance of both *Dra* ShPCR in urine (PCR sensitivity of 36% *versus* 25% with microscopy on 401 samples \[[@pntd.0007711.ref027]\]) and Sm1-7 PCR in stool samples (PCR sensitivity of 9.6% *versus* 0.9% by microscopy, on 572 samples \[[@pntd.0007711.ref028]\]).

These two highly sensitive real-time PCRs have been the most used for clinical diagnosis, because of the huge number of gene copies in the *Schistosoma* genome. A few clinical evaluations have been reported on real-time PCRs targeting the ribosomal internal transcribed spacer 2 region (ITS 2), but these PCRs detect *Schistosoma sp*. without discrimination between *S*. *mansoni* and S. *haematobium*. This gene also displays interesting performances, as the PCR sensitivity was shown to range from 89--100% for Sh detection \[[@pntd.0007711.ref018],[@pntd.0007711.ref029]\] and from 94--97% for Sm detection \[[@pntd.0007711.ref030],[@pntd.0007711.ref031]\], compared to microscopy. The use of the 28S rDNA and mitochondrial regions such as *cox1* gene, have also been anecdotally described, but to a lesser extent \[[@pntd.0007711.ref032],[@pntd.0007711.ref033]\].

All the specimens positive for *Schistosoma* eggs in urine or stools were confirmed by PCR assays. Conversely, among samples with an isolated positive PCR (negative microscopy), false-positivity of a PCR result was very unlikely, as all samples were from patients with epidemiological risk factors and positive WB-serology, consistent with *Schistosoma* infection. Additionally, the huge advantage of PCR on stools is to bypass the daily variation in egg excretion, which allows analyzing a single fecal sample, rather than 3 consecutive samples, as usually recommended. This also applies to urine samples, which can be collected from a unique micturition and not necessarily during a 24h-time period. Lastly, SmPCR was validated on biopsy samples with a concordance of 100% with microscopy, although it could only be done on a small number of specimens.

This work also presents a contribution of detection of circulating *Schistosoma* DNA to the current conventional diagnostic arsenal, based on serology and microscopic examination. A positive serum-based PCR is consistent with the parasite localization in blood vessels, the significant size of adult worms, and thus the expected high level of *Schistosoma* DNA in blood.

Here, in our cohort constituted mainly of African migrants, the PCR yield in serum exceeded 92% in patients with *Schistosoma*-positive urine or stools. Despite 2 false-negative results within the proven group, the global sensitivity of serum PCRs remained higher than that observed for microscopic techniques, as it was able to detect 77% and 49% of "probable active cases" and "strictly serological cases", respectively.

The WB-based serology is a reference method for the serologic screening of schistosomiasis because of its sensitivity \[[@pntd.0007711.ref008]\]. Surprisingly, when compared to serum PCR, WB yielded false-negative results in two patients, for whom the possibility of recent infection was excluded (African migrants who left endemic areas at least 4 months before). The first patient had a doubtful ELISA index, but a concomitant bladder biopsy containing living Sh eggs, and thus was a proven case. The other one had a positive serum Sm PCR together with a positive ELISA assay, but in the absence of excreta microscopy, the case was classified as excluded ([Table 3](#pntd.0007711.t003){ref-type="table"}), although true infection was likely.

Among WB-positive sera, the frequency of positive *Schistosoma* DNA detection in serum was found to be higher when the ELISA and HA tests were concomitantly positive. Among the serological approaches for the diagnosis of schistosomiasis, these two serological tests appear to yield more frequent positive antibody detections in case of active infection, compared to WB. Indeed, most former schistosomiasis patients with positive ELISA and HA assays are expected to turn negative \[[@pntd.0007711.ref005],[@pntd.0007711.ref034]\] or to have a significantly lower antibody titer \[[@pntd.0007711.ref035]\] within a variable period after an effective treatment. By contrast, LDBIO *Schistosoma* WB IgG is known to persist positive after treatment for a longer period than ELISA \[[@pntd.0007711.ref036]\], probably for several years, as already observed with other parasitic WB assays based on IgG detection \[[@pntd.0007711.ref037],[@pntd.0007711.ref038]\].

The great advantage of serum PCR is to provide species identification even when microscopic examination is negative, allowing targeted clinical work-up to identify complications of long- term infections.

Direct species identification by serum PCR allowed diagnosis of mixed infection in 6 patients. Positive results by the 2 PCR assays were unlikely to be due to cross-reaction between the 2 species, as previous studies demonstrated the species-specificity of these assays \[[@pntd.0007711.ref024],[@pntd.0007711.ref025]\]. Two hypotheses can be considered to explain this dual positivity. First, we can assume that these patients, all coming from Africa, were simultaneously infected with Sh and Sm, as frequently observed in several endemic African countries, with up to 50% in a Senegalese study from Meurs *et al*. \[[@pntd.0007711.ref039]\]. Unfortunately, this hypothesis could be confirmed for two patients only, for whom both Sm and Sh eggs were detected in excreta. For the 4 remaining patients, stool and urine samples were not available for simultaneous screening.

Secondly, the positivity of both targets in serum could also be related to an infection involving a hybrid between *S*. *mansoni* and *S*. *haematobium*. Besides, two urine samples from the same patient also yielded both positive Sm and Sh PCRs, at low Ct values (17 and 18 for Sh and SmPCR, respectively), whereas only Sh eggs were detected by microscopy. The detection of DNA from both species in urine suggested a Sm-Sh hybrid infection in this African patient. Moreover, recent works also demonstrated the emergence of such schistosome hybrids in regions where the parasite burden is high, either between cattle and human schistosomes \[[@pntd.0007711.ref004],[@pntd.0007711.ref040]\], or between *S*. *mansoni* and *S*. *haematobium* \[[@pntd.0007711.ref041],[@pntd.0007711.ref042]\]. Thus, the impact of hybrid species on performances of diagnostic tools should be addressed, to determine whether they could generate cross-reaction with both PCRs assays. *Schistosoma* eggs from one of the 3 patients with a previous stay in Corsica were genotyped as *S*. *haematobium-S*. *bovis* hybrids \[[@pntd.0007711.ref004],[@pntd.0007711.ref043]\]. For 2 of the patients coming from Corsica, including the one with the hybrid, ShPCR was positive in urine and/or serum, demonstrating the performance of this PCR for hybrid species detection.

Apart from assessing the diagnostic performances of serum PCRs, this study also evaluated their relevance for follow-up after treatment, and ability to discriminate between ongoing or previous infections, that cannot be performed with WB-based assays. In this study, the analysis of sequential sera from praziquantel-treated patients strikingly demonstrated the potentially long persistence of *Schistosoma* circulating DNA without any link with clinical or biological failure. Indeed, 27% remained positive at 6 months, and 8% one year after an adequate cure. In addition, none of these patients were treated during the invasion stage, during which schistosomula are known to be less susceptible to praziquantel \[[@pntd.0007711.ref044],[@pntd.0007711.ref045]\], and which could have explained a therapeutic failure.

Several hypotheses could explain why *Schistosoma* DNA is still detected a long time after treatment. Firstly, the parasite DNA could continue to be released from slowly degenerating eggs that are trapped in tissues, or from killed worms. Therefore, after treatment, no eggs are detected or at least no living eggs, but parasite DNA is not totally cleared and might remain detectable by high sensitive *Schistosoma* real-time PCR assays. Secondly, the incomplete cure may result from the sub-curative effect of praziquantel when used at usual doses \[[@pntd.0007711.ref046]\]. Finally, a recent review from Lu *et al*. \[[@pntd.0007711.ref047]\] raises the possibility of single-sex schistosome infection that could partly explain why antigen and/or DNA detection could occur without egg detection. Indeed, after a single-sex cercarial exposure, male or female worms will be able to persist within the host without producing eggs, and thus cause asymptomatic infection. While reports on the emergence of low sensitive *Schistosoma* strains to praziquantel are still scarce \[[@pntd.0007711.ref048]\], single-sex schistosomes, especially females, have been demonstrated to be largely refractory to praziquantel compared to paired ones, in both *in vitro* and *in vivo* murine models \[[@pntd.0007711.ref044]\]. That's why, despite an appropriate praziquantel treatment, the persistence of single-sex schistosomes less susceptible to this anti-parasitic drug, could still generate a positive PCR, without any egg-laying or clinical symptoms.

Other clinical studies reported long-lasting PCR positivity after treatment in a large mixed cohort studied by Wichmann *et al* \[[@pntd.0007711.ref024]\], and in an urogenital case, until more than 300 days after the first praziquantel treatment \[[@pntd.0007711.ref049]\]. These studies also emphasized the contrasting results of persistent DNA detection, compared to antigen detection which has been shown to become negative in serum or urine within a few days or weeks after treatment \[[@pntd.0007711.ref050],[@pntd.0007711.ref051]\]. Cnops *et al*. also reported that ShPCR remained positive for at least 3 months (n = 8 patients) with a decreasing signal after treatment (higher Ct-values), and they pointed out PCR's potential to monitor treatment \[[@pntd.0007711.ref025]\].

Here, an evaluation of *Schistosoma* serum PCR to monitor treatment has been made by comparison to serological assays. During a follow-up period limited to 1 year, the serum PCR slowly turned negative in most patients, whereas ELISA and HA-based antibody detection remained above the positivity cut-off. These results suggest that at early times post-treatment (within the first months), there is no relevant serum biomarker for follow-up and excreta analysis remains essential. Nevertheless, more than one year after treatment, serum PCR could possibly be an indicator of effective treatment, better than conventional serological tests.

In conclusion, our work emphasized the high performance of targeted *Schistosoma* PCRs in excreta, greatly improving the diagnosis of both urogenital and intestinal schistosomiasis. Besides, combining serum PCR with conventional serological assays contributes added value to confirming diagnosis and providing species identification to guide further clinical exploration. Finally, *Schistosoma* serum PCR could also be useful to monitor the outcome when performed much later than an anti-*Schistosoma* treatment (about one year), as a negative serum PCR may demonstrate a cured infection.
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